The oxidation and spin state of a metal-organic molecule determine its chemical reactivity and magnetic properties. Here, we demonstrate the reversible control of the oxidation and spin state in a single Fe-porphyrin molecule in the force field of the tip of a scanning tunneling microscope. Within the regimes of half-integer and integer spin state, we can further track the evolution of the magnetocrystalline anisotropy. Our experimental results are corroborated by density functional theory and wave function theory. This combined analysis allows us to draw a complete picture of the molecular states over a large range of intramolecular deformations.
oxidation state by integer numbers (of charges). In metal-organic complexes, such reactions typically involve a change in the number of bonds to neighbouring atoms. They are particularly important in nature, where they occur, e.g., in the oxygen metabolism by O 2 coordination to haemoglobin. Furthermore, they are important in the perspective of spintronics, because an oxidation reaction also involves a change of the spin state.
Surface-anchored metalloporphyrins are model systems, where the interplay between ligand geometry, oxidation state, magnetism and (spin) transport has been studied in great detail down to the single molecule level. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Scanning tunneling microscopy and spectroscopy (STM/STS) has been used to show that additional ligands like H, CO or Cl can induce changes in the oxidation and spin state of the core metal ion. [11] [12] [13] [14] Most STM experiments assume that the tip is a non-invasive tool in the investigation. However, the STM tip can perturb the molecular properties when it is brought in sufficiently close proximity to the molecule. As such, the coupling of a molecule to the surface can be modified, which can lead to the appearance/disappearance of a Kondo resonance in case of magnetic molecules.
15,16
Similar changes had previously been only detected in two-terminal break junction experiments, where the stress upon opening/closing the junction is assumed to be very large.
17
Recently, it has been shown that far before contact formation, an STM tip may already affect intramolecular properties. In the far tunneling regime, the forces exerted by the STM tip are already sufficiently large to induce small conformational changes within the molecule, which affect the crystal field splitting of the central ion, and, hence, its magnetic anisotropy.
14 Here, we show that the tunneling regime bears even more degrees of freedom, which can be reversibly controlled by the STM tip. For this purpose, we adsorb iron(III) octaethylporphyrin chloride (Fe-OEP-Cl) on a Pb(111) surface. In the absence of the tip, the d 5 configuration of Fe III gives rise to an S = 5/2 spin state in the ligand field. We make use of the possibility to controllably and reversibly manipulate the Fe-Cl bond by the force field of an STM tip. We show that the forces do not only lead to a change in the magnetic anisotropy as was reported previously, 18 but that they can also be used to induce a reversible redox reaction, implying the reversible change from a half-integer to an integer spin state.
Both states are not affected by sizable scattering from substrate electrons, i.e., their spin state is not quenched by the Kondo effect. In combination with the use of superconducting electrodes, which increase the excited state spin lifetime compared to metal electrodes, 18 this renders this system suitable for potential spintronic applications.
The experiments are supported by theoretical simulations. By means of Density Functional Theory (DFT) and Wavefunction Theory (WFT) calculations, we determine the relative energies of different spin manifolds of Fe-OEP-Cl as a function of the Fe-Cl distance.
Our simulations reproduce the experimentally observed changes in the magnetocrystalline anisotropy and indicate that at large Fe-Cl distances, the integer S = 2 state is favored.
Results and Discussion
We deposited Fe-OEP-Cl molecules on an atomically clean Pb(111) surface held at ≈ 240 K.
This leads to self-assembled mixed islands of iron-octaethylporphyrin-chloride (Fe-OEP-Cl) and iron-octaethylporphyrin (Fe-OEP) as can be seen in the STM images obtained at low temperature (Fig. 1a) . The individual molecules can be identified by the eight ethyl legs. The chlorinated species appears with a bright protrusion in the center, whereas the dechlorinated species appears with an apparent depression in the center. The dechlorination process is probably catalytically activated by the surface and occurs upon adsorption. The magnetic excitation spectra of both species have been characterized previously.
14,18 As mentioned above, in Fe-OEP-Cl the Fe center lies in a +3 oxidation state with a spin of S = 5/2.
Dechlorination changes the oxidation state to +2 with the resulting spin state being S = 1.
This change of oxidation and spin state is naturally expected when the Fe center is subject to such a drastic modification as removing one ligand. It was also observed that the STM tip can have an influence on both individual species. The Fe ions are subject to crystal fields, which split the d levels and induce a sizable magnetocrystalline anisotropy and, hence, a zero field splitting (ZFS). By approaching the tip to the molecule, for both species the ZFS has been shown to be modified by the local potential of the tip.
14 Here, we explore if the tip potential can be used to change the local energy landscape even further such that a reversible change not only of the ZFS, but also of the spin state takes place. For this, we target at the Fe-OEP-Cl molecule because it bears more flexibility with its additional ligand than the dechlorinated species. We first explore the change of junction conductance upon approaching the tip on top of the Fe-OEP-Cl molecule in Figure 1b . After a first exponential increase of the conductance with reduced distance (∆z < 0), which is characteristic for the tunneling regime (regime I), there is a reversible drop in the conductance in the order of 30% of the total signal. This can be linked to a sudden change of the junction geometry and/or the electronic structure of the complex. Further decreasing the distance increases the conductance again, yet with a smaller and decreasing slope (regime II). At ∆z ≈ −330 pm, the conductance increases again with increasing slope. The different slopes indicate different structural/ electronic configurations of the molecule in the junction. To characterize the magnetic properties of the molecule in these regimes, we record dI/dV spectra at different ∆z (Fig. 1c) . In all spectra, we observe an excitation gap with a pair of quasiparticle excitation peaks at ±(∆ tip + ∆ sample ), with ∆ tip and ∆ sample being the real part of the order parameter of the superconducting tip and sample, respectively. In regime to spin pumping. 18 In regime II, i.e., after the sudden change in the molecular conductance, both inelastic excitations vanish. Instead, an excitation of lower energy is observed close to the superconducting gap edge (see, e.g., the spectrum at ∆z = −160 pm). At even smaller tip-molecule distance (exemplary spectrum at ∆z = −320 pm), we observe an inelastic excitation of even lower energy, which merges with the coherence peak. Step energies as a function of B-field (black squares). The purple asterisk indicates the energy as extracted from the spectrum recorded with tip and sample in the superconducting state. The excitation shifts to higher energies with increasing B field.
To track the evolution of the inelastic excitations we record a series of spectra while approaching the STM tip in small intervals. A 2D color plot of these spectra is shown in we retract the tip, we reversibly enter into regime I. Indeed, we can precisely and reversibly tune the junction conductance and, hence, the energy of the excitations. We first determine whether the new excitations are of magnetic origin. By applying an external magnetic field perpendicular to the sample surface, superconductivity in substrate and tip are quenched.
Here, inelastic excitations give rise to steps in the dI/dV spectra at the excitation threshold as expected for a normal metal substrate (Fig. 3a) . Importantly, we observe a shift of the steps to larger energies in response to an increasing external field. The extracted step energies agree with a Zeeman shift (Fig. 3b) , which evidences their magnetic origin.
Summarizing the experimental results, there is evidence for a sharp transition from the S = 5/2 state to a different spin state when approaching the STM tip on top of Fe-OEP-Cl.
In principle, this could either be a spin crossover to another half-integer spin state or a change to an integer spin state, which necessarily needs to be accompanied by a change in oxidation state. In order to gain further insights, we performed DFT calculations using the B3LYP exchange-correlation functional 20 as well as WFT based simulations in the form of the so-called CASSCF/NEVPT2 method 21-25 according to Refs. 26,27 Details are described in the Methods section and in the SI. We assume that the tip-molecule interaction, in the sense of a Lennard-Jones potential, is attractive at not too short tip-molecule distances. Upon approaching with the STM tip, the Cl ion will thus be attracted by the tip. We model the effect of such a potential in an isolated Fe-porphin molecule by increasing the Fe-Cl distance.
In porphin, the eight ethyl groups are replaced by H atoms. We have previously checked that the ethyl legs do not affect the electronic and magnetic properties of the complex (see previous experiments and calculations, we find that the ground state exhibits a spin state of S = 5/2. Here, the Fe-Cl distance amounts to 220 pm. This configuration represents the unperturbed molecule on the surface, i.e., when the tip is far away. While the energy difference between the S = 5/2 and S = 3/2 states decreases, the latter remains at larger energies throughout the whole range of reasonable Fe-Cl distances. Hence, a spin crossover scenario as an explanation for the sudden change in experimental spin excitations from regime I to regime II can be excluded 1 . The S = 1/2 spin state lies even higher in energy and can therefore be excluded to play a role as well.
Hence, we also calculated the potential energies of the anionic Fe(II)-complex in its S = 2 and S = 1 spin states 2 . The S = 2 state is found at significantly lower energies than the S = 1 state. Within increasing Fe-Cl bond length, the potential energy increases but not with the same slope as in the S = 5/2 state. As a result, the energy difference between S = 5/2 and S = 2, i.e., the electron affinity of the neutral complex increases with increasing Fe-Cl distance. Together with a resulting image charge stabilization of the anionic complex and a relatively low work function of Pb of about 4 eV, this is the main driving force for an electron transfer from the tip or substrate to the molecule at a certain critical, elongated
Fe-Cl distance.
To check whether the experimentally observed spin excitations in regime II match with this scenario, we calculated the ZFS of the anionic system. The results are shown in Fig. 4b .
Overall it is observed that the state energies are very sensitive with respect to geometrical variation. The discussion of this behavior can be split in two parts: a first part (i) with Fe-Cl bond length shorter than 285 pm and a second part (ii) with Fe-Cl bond lengths longer that 285 pm.
In part (i) the ground state is composed of two states, which are almost degenerated. The eigenvalues of the spin projection operator on the z axis have mainly M s = ±2 character. For the geometries along the potential energy scans, the Zero-Field parameters have been computed by using a correlated WFT methodology 28,32 based on the complete active space self-consistent field method (CASSCF). 21 In order to take into account dynamical correlation, the NEVPT2 22-25 method has been used on top of CASSCF.
Subsequently, the effects of spin-orbit and spin-spin interactions were included within the framework of quasi-degenerate perturbation theory. To accomplish this, the MRCI module of the ORCA program has been used, together with an effective one-electron mean field spin-orbit coupling operator. 33 Further details are given in the SI. Furthermore, the evolution of the spin excitation patterns within regime II differs. For all molecules, we first observe a low-energy excitation, which shifts towards the superconducting gap edge. After this minimum of excitation energy, two excitations shift away from the superconducting gap edge. The shift of these excitations differs between the molecules. In some cases, a faint third excitation is observed. We ascribe the different excitation energies to small differences in the adsorption sites which are present within the island Tip approach in the normal state After the transition into regime II at ∆z ≈ −150 pm, the excitation gap in the normal-state case closes with decreasing tip-sample distance, which corresponds to the excitation peak moving closer to the BCS coherence peaks in the superconducting state. Then, for ∆z < −220 pm, the gap widens again in the normal state, in agreement with the superconducting case, where excitations move away from the coherence peaks to higher energies.
Note that in regime I the second pair of excitations is absent in the normal state, but present in the superconducting state. This is due to the increased lifetime in the latter, In the following, we discuss the Zeeman shift of the spin eigenstates in Fe-OEP-Cl. Figure S4a shows a B-field-dependent measurement of the excitation spectrum in the normal state in regime I at constant distance. The B-field is oriented in z direction. With increasing field strength, the excitation steps at approximately ±1.5 mV at 0.5 T move to lower energies with increasing field. Additionally, a dip appears at the Fermi energy E F and gains weight with field strength. The excitation spectra can be simulated using an effective spin Hamiltonian model:
The first term accounts for the Zeeman splitting (with g being the Landé g-factor, µ In regime II, we also test for B-field-dependent excitations (Fig. 3 of the main manuscript) .
Here, we present a series of excitation spectra at different field strength at a smaller tipsample separation (∆z = −340 pm, Fig. S5 ). Again, a B-field dependence is observed, the excitation step becoming wider with increasing B-field. This is most likely due to the shifting of two or more super-positioned steps, which cannot be resolved due to the thermal limitation in the energy resolution. Hence, we prove the magnetic origin of the excitation. 
Theory Models
We considered free molecules as model compounds for our quantum chemical investigations.
Fe-OEP-Cl was used in experiments. As shown below, the ethyl groups do not have a significant effect on the crystal field of the Fe center, and, hence, on the magnetic properties.
Therefore, we used Fe-P-Cl, where "P" stands for porphin, the simplest porphyrine with eight peripheral H atoms instead of the ethyl groups, as a model system.
For the Fe-P-Cl molecules, a neutral variant (with Fe in oxidation state +3) and an anionic variant (with Fe in oxidation state +2) were considered. The chosen coordinate system is such the Fe-Cl bond is aligned along the z-axis.
Computational methodology
As mentioned also in the Methods section of the main manuscript, the ORCA (version 3.0.3)
program package 5 was used to optimize geometries and to calculate potential energy scans along the Fe-Cl distance for several spin multiplicities. These are the S = 0, S = 1, and S = 2 multiplicities for the anionic system, and S = 1/2, S = 3/2 and S = 5/2 for the neutral molecular model. For the scans, Fe-Cl distances in a range between 2.1 and 3.2Å
(in steps of 0.05Å) were considered.
First of all, the scans were done on the DFT level of theory, utilizing the B3LYP density functional 6 in combination with the def2-TZVP basis set. 7 To speed up the calculations, the RIJCOSX approximation 8 (in combination with the def2-TZVP/JK auxiliary basis set) was used.
For the calculation of spin-orbit coupling, zero-field splitted (excited) states, but also for corrected potential energy curves of a given spin multiplicity, single-point multi-reference WFT methods were used, following established protocols. The effects of spin-spin and spin-orbit interactions included in the form of quasi-degenerated perturbation theory using the following Hamiltonian:
Here,Ĥ 0 is the usual, Born-Oppenheimer electronic Hamiltonian,Ĥ soc is the spin-orbit coupling operator, approximated by an effective one electron spin-orbit mean field operator (SOMF), µ B g e L + 2Ŝ B is the Zeeman term which describes magnetic field interaction (µ B is the Bohr magneton, g e is the g-factor of the free electron,L andŜ the total angular and spin moment operators and B represents the magnetic field). 17 To accomplish this, the MRCI module of the ORCA program has been used. Within the CASSCF/NEVPT2/MRCI calculations the RI approximation (with the def2-TZVP/C auxiliary basis set) has been used.
18,19
For systems with spin S ≥ 1, zero-field splitting leads to splitting of spin states that are otherwise degenerate. For analyzing this effect in a simplified manner, effective spin
Hamiltonians are often used. The Effective Hamiltonian method 9,10 is used to construct the spin Hamiltonian for a proper orientation (see discussion above and Eq. S1). and involve a mixing of M s states (see main text for S = 2, Fig. 4b ).
We analyzed the character of 2S+1 states in Fig. 4b of the main text by calculating an averaged spin-projection eigenvalue along the z-axis:
where, w i is the weight of the eigenstate of the spin projection operator along the z-axis with the eigenvalue M s,i .M s is calculated for all 2S+1 states.
Effect of neglecting the ethyl groups
To make sure that our simplified Fe-P-Cl model system is able to represent the characteristics of the Fe-OEP-Cl system, a test calculation for the neutral compound at its equilibrium geometry has been performed. We compare the resulting Fe-Cl bond length as well as the energies of the magnetic states (and the anisotropy parameters). The results are shown together with the geometry of the Fe-P-Cl complex in Fig. S6 . We conclude the ethyl side groups have a negligible effect on the electronic and magnetic properties of the system. This is the reason why in all other calculations presented in this work, the simplified and computationally less demanding, Fe-P-Cl model system has been used. Figure S6 : Left: Optimized structure of the Fe-P-Cl model. Right: Comparison between geometrical and anisotropy parameters. The deviations, ∆, between both models are rather small. As a consequence, the computational less demanding model (Fe-P-Cl) has been used in our study.
Potential energy curves at the B3LYP level of theory (Fig. 4a there) . The main conclusions of this work are unaffected by this choice.
Zero-field splittings and anisotropy parameters for S = 5/2
At all points along the potential energy surface scan, the zero-field splitting was calculated.
The results (state energies and anisotropy parameters) for the S = 5/2 state of the neutral (Fe 3+ ) complex are shown in Fig. S8 .
For the state energies in Fig. S8a , we observe a splitting of the six-fold degenerate ground 9 who used a very similar method as we do, this seems to be a systematic effect.
Further, we see that with increasing Fe-Cl bond length, the excitation energies become larger. This is in agreement with experiment, see Anisotropy parameters for S = 2
We also extracted the anisotropy parameters D and E for the anionic ground state, S = 2. This is shown in Fig. S9 . In this case D and E values show a more complex behavior, and both being negative. However, we should also note that in this case there is some ambiguity when determining parameters, since different data points belong to different orientations of the anisotropy axes.
Interaction with a magnetic field
In addition to the simulation of zero-field splittings, the influence of an additional magnetic field B has been investigated, oriented along the z-axis (the Fe-Cl axis). In relation to the measurements presented in Fig. 3a and b of the main text at a distance of ∆z = -150 pm,
we performed simulations at the relaxed geometry of the negatively charged Fe(II) complex 
